Ser hydroxymethyltransferase (SHMT; EC 2.1.2.1) is a tetramer of pyridoxal 5Ј-phosphate-containing 53-kD subunits that catalyzes the reversible conversion of Ser and tetrahydrofolate (THF) to Gly and 5,10-methylene THF (Schirch, 1982) . Methylene THF can be converted to methyl-, methenyl-and formyl-THF, which serve as the primary sources of onecarbon (C 1 ) units of differing oxidation states for biosynthetic reactions in amino acid, purine, pyrimidine, and lipid synthesis (Cossins, 1987) . Eukaryotes have both cytosolic and mitochondrial SHMT isoforms (Cossins, 1987) , and evidence is accumulating for the intracellular partitioning of Ser and Gly metabolism (Narkewicz et al., 1996; Kastanos et al., 1997) .
The plant photorespiratory pathway provides a novel role for SHMT. The primary controlling step in photosynthesis is the fixation of CO 2 , which is catalyzed by Rubisco (Bowes, 1991) . In addition to catalyzing the carboxylation of its substrate, ribulose-1,5-bisphosphate (RuBP), to initiate the Calvin cycle, Rubisco also catalyzes the oxygenation of RuBP to initiate the photorespiratory pathway (Leegood et al., 1995; Douce and Neuberger, 1999) . The oxygenation of RuBP yields one molecule each of 2-phosphoglycolate and 3-phosphoglycerate. The photorespiratory phosphoglycolate is recycled through a complex series of reactions occurring in chloroplasts, peroxisomes, and mitochondria. In the mitochondria of a photorespiring plant leaf, SHMT is associated with the Gly decarboxylase complex (GDC; Douce and Neuberger, 1999) . GDC catalyzes the decarboxylation of photorespiratory Gly, derived from phosphoglycolate, to yield NH 3 , CO 2 , and a C 1 unit that is transferred to THF to form methylene THF (Oliver and McIntosh, 1995) . The CO 2 from the Gly decarboxylation is evolved as photorespiratory CO 2 . The C 1 unit from the methylene THF is transferred by SHMT to a second molecule of Gly to form Ser, which is recycled into the chloroplastic Calvin cycle after conversion to phosphoglycerate.
Consistent with roles of SHMT and GDC in photorespiration, mutants deficient in mitochondrial SHMT or GDC exhibit symptoms of chlorosis under normal atmospheric conditions (Leegood et al., 1995) . Under elevated CO 2 concentrations, which suppress photorespiration, Arabidopsis or barley mutants deficient in SHMT (Somerville and Ogren, 1981) or in GDC (Somerville and Ogren, 1982; Blackwell et al., 1990) grow normally. This demonstrates that mitochondrial SHMT and GDC are only essential in the metabolic reactions of photorespiration. In nonphotorespiratory conditions, C 1 -THF mediated biosynthesis is not impaired, implying activity of other SHMT isoforms (Somerville and Ogren, 1981) . Pea has two mitochondrial SHMT isoforms, and a third plastid isozyme was postulated to account for SHMT activity in non-photosynthetic tissue (e.g. roots) and in the dark (Turner et al., 1992a) . This is consistent with the retention of about 15% of non-mitochondrial SHMT activity in the Arabidopsis stm mutant (Somerville and Ogren, 1981) .
The coordination of the photorespiratory pathway poses an interesting regulatory problem. One key aspect of this coordinated regulation is the temporal control of the nuclear genes encoding photorespiratory proteins that are targeted into these three distinct subcellular compartments: chloroplasts, peroxisomes, and mitochondria. We previously showed in Arabidopsis that a circadian clock regulates the expression of the nuclear genes encoding both chloroplastic and peroxisomal components of the photorespiratory pathway. The genes encoding the chloroplastic small subunit of Rubisco (RBCS) and Rubisco activase (RCA) exhibit oscillations in mRNA abundance that peak around dawn (Pilgrim and McClung, 1993) . Similarly, the mRNA abundance of the peroxisomal photorespiratory catalase (CAT2) exhibits a maximum at the same circadian phase as RBCS and RCA (Zhong et al., 1994; Zhong and McClung, 1996) .
To determine whether a circadian clock also regulates the expression of genes encoding mitochondrial components of the photorespiratory pathway, we set out to characterize Arabidopsis genes encoding Ser hydroxymethyltransferase (SHM). In prokaryotes, single genes encode SHMT functions. In animals and fungi, two SHMT isoforms (cytosolic and mitochondrial) are encoded by two distinct nuclear genes (Martini et al., 1987 (Martini et al., , 1989 Garrow et al., 1993; McNeil et al., 1994) . To our surprise, the Arabidopsis genome includes at least five SHM genes. Our prediction of clock regulation of SHM expression was accurate: Both the Arabidopsis genes examined, including one probable photorespiratory gene (SHM1) and a second gene expressed maximally in roots (SHM4), show circadian oscillations in mRNA abundance.
RESULTS

Ser Hydroxymethyltransferase Is Encoded by a Gene Family in Arabidopsis
Initial isolation of an Arabidopsis SHM gene was carried out using a pea mitochondrial SHM gene probe (Turner et al., 1992a) to screen an Arabidopsis cDNA library. Although the original designation of a mutant lacking mitochondrial SHMT activity as stm (Somerville and Ogren, 1981) suggested that we name these genes STM, that name had also been used for a gene identified by a developmental mutant, shoot meristemless (Barton and Poethig, 1993) . To avoid further confusion with this STM gene, which encodes a member of the KNOTTED class of homeodomain proteins (Long et al., 1996) , we refer to the Arabidopsis genes encoding SHMT as SHM. Preliminary sequence analysis indicated that the two cDNA clones identified by hybridization with the pea SHMT gene corresponded to a single gene, designated SHM1.
Our initial BLAST searches (Altschul et al., 1990 ) with these cDNA sequences identified two classes of expressed sequence tags (ESTs), one of which corresponded to SHM1 and the other to a related gene designated SHM4. That these two were distinct SHM genes was confirmed by complete sequence determination of the longest EST clone of each class. cDNA inserts were used as probes for Southern analysis on Arabidopsis ecotype Columbia genomic DNA to confirm the presence of two distinct Arabidopsis SHM genes (Fig. 1) . Each of the four enzymes cut within the genomic sequence of SHM1 and the multiple bands are consistent with the known SHM1 genomic sequence, in which the faint bands hybridize with only a very short region of the probe. Similarly, BglII and EcoRI cut within the genomic sequence of SHM4 and are predicted to yield the fragments observed. EcoRV and XbaI do not cut within the SHM4 sequence, which is consistent with the detection of a single large fragment. Neither the SHM1 nor the SHM4 hybridization probes employed cross-hybridize with other SHM sequences under the stringency conditions employed.
Subsequent BLAST searches with our two SHM cDNA sequences identified genomic clones for these two SHM genes, as well as genomic and EST clones for three more Arabidopsis SHM genes. As of December 20, 1999, we had identified five distinct SHM gene sequences ( Fig. 2; Table I ), which we designated Figure 1 . Southern analysis of Arabidopsis SHM1 and SHM4. Ecotype Columbia genomic DNA was digested with BglII, EcoRI, EcoRV, or XbaI and hybridized at high stringency with gene-specific probes to SHM1, and, after the membrane was stripped, to SHM4. The molecular mass marker was a 1-kb DNA ladder (Gibco-BRL, Gaithersburg, MD) and the corresponding molecular masses are indicated.
SHM1 through SHM5. These five genes are highly related, both at the nucleotide and the deduced amino acid levels (Table II) . Four of the SHM genes (SHM1, SHM3, SHM4, and SHM5) lie on chromosome IV and the fifth, SHM2, lies on chromosome V ( Fig. 2A) . As determined using PSORT (http://psort. nibb.ac.jp:8800/helpwww.html; Nakai and Kanehisa, 1992) , two of these genes, SHM1 and SHM2, encode amino-terminal sequence extensions predicted to target the proteins into the mitochondrial matrix (Fig.  2C ). The remaining three SHM genes encode putative proteins that lack recognizable targeting sequences and thus are predicted to be cytosolic. The coding sequences of both SHM1 and SHM4, as predicted from the complete cDNA sequences, confirm the predictions of the annotated genomic sequences (GenBank accession nos. AL035538 and Z97335, respectively). The longest ESTs corresponding to SHM1 (GenBank accession no. T44375) and SHM4 (GenBank accession no. Z24502) begin 41 and 58 nt, respectively, upstream of the predicted ATG initiation codons. These SHM1 and SHM4 cDNA sequences predict 3Ј-untranslated regions extending 116 and 234 nt, respectively, beyond the termination codons.
We compared the putative amino acid sequences of Arabidopsis SHMTs with other eukaryotic SHMTs in GenBank (Table I) , aligned the predicted amino acid sequences of the deduced proteins using the PileUp and Pretty programs (data not shown; Program Manual for the Wisconsin Package, Version 10, Genetics Computer Group, Madison, WI), and used these alignments to hypothesize the phylogenetic relationships among these sequences (Fig. 3 ) using parsimony supported by bootstrap (100 replicates) analysis (Felsenstein, 1985) . The two putative mitochondrial proteins, SHMT1 and SHMT2, are more closely related to each other than to the other three Arabidopsis SHMTs and cluster robustly with other known plant mitochondrial SHMTs, which is consistent with the predictions of PSORT. SHMT3, SHMT4, and SHMT5 form a clade that is robustly supported by bootstrap analysis. Within that clade, SHMT4 and SHMT5 are more closely related to each other than to SHMT3. The remainder of the tree is congruent with known phylogenetic relationships with fungal, nematode, and mammalian clades. As observed in the plant sequences, mitochondrial isoforms from fungi and mammals cluster distinctly from cytosolic isoforms. The single SHMT from a protozoan, E. cuniculi, is not predicted to be more closely related to other eukaryotic SHMTs than to the single prokaryotic SHMT, that encoded by the E. coli glyA gene, which was included as the outgroup in the analysis.
Analysis of intron-exon structures of the five Arabidopsis SHM genes ( Fig. 2B ; Table III ) was consistent with the distribution into two distinct subgroups (SHM1 and SHM2 versus SHM4 and SHM5), and further suggested that SHM3 is distinct from the SHM4-SHM5 clade. SHM1 and SHM2 each contain 14 introns, and the intron positions are absolutely conserved between these two genes. SHM3 has nine introns, seven of which are at unique positions. Two SHM3 introns, the fourth and eighth, are at positions occupied by the eighth and twelfth introns of SHM1 and SHM2. SHM4 and SHM5 share two conserved introns: one is at a position distinct from those of the SHM1 and SHM2 introns and the final one is at a position conserved with that of the thirteenth introns of SHM1 and SHM2. SHM4 has an additional intron not shared by SHM5 or any other Arabidopsis SHM gene. Intron lengths are not conserved among these genes, although most are small (approximately 100 nt): the largest intron, unique to SHM4, is 409 nt.
Organ-Specific Expression of the SHM Genes
In an initial examination of the expression of individual SHM genes, SHM1 and SHM4 were selected as representatives of mitochondrial and cytosolic SHMTs, respectively. Northern analysis of expression was performed on RNAs extracted from different organs (Fig. 4A ). Both genes produced transcripts of the sizes predicted by the cDNAs (excluding polyA tails, the mRNA lengths were predicted to be approximately 1.7 and approximately 1.8 kb for SHM1 and SHM4, respectively). SHM1 mRNA was most abundant in leaves, less abundant in flowers and siliques (about 64% and 56%, respectively, the level detected in leaves, when normalized to rRNA abundance), and barely detectable in roots and inflorescence stems. When normalized to rRNA abundance, SHM4 mRNA was most abundant in flowers; less abundant in roots, inflorescence stems, and siliques (50%, 40%, and 60% the levels in flowers, respectively); and barely detect- Table I . The sequences were aligned using the PileUp program, and the tree was constructed using the heuristic search algorithm of PAUP* version 4.02b. The numbers next to the nodes are bootstrap values (Felsenstein, 1985) for 100 replicates, and represent the percentage of times that the branch appears in a tree. Cyto, Cytosolic isozyme; mito, mitochondrial isozyme. Both SHM1 and SHM4 mRNAs were detected in whole seedlings 1 to 16 d after release from stratification, although the patterns of mRNA accumulation for the two genes were different (Fig. 4B) . SHM1 mRNA accumulated to progressively higher levels throughout the 16-d time frame. In contrast, SHM4 mRNA was most abundant in the youngest seedlings and declined in abundance progressively over the 16-d period. However, this may simply reflect the relatively greater growth of shoots than roots in seedlings on plates, as SHM4 is restricted to the roots in these seedlings (data not shown). In 3-week-old mature plants, SHM1 mRNA was present at approximately equal abundance in light-grown cotyledons and in the first four leaves, and at slightly reduced abundance in the fifth and sixth leaves (Fig. 5A) . Very little SHM1 mRNA was present in the roots. In contrast, SHM4 mRNA was not detectable in the cotyledons and leaves, but could be detected at low abundance in the roots (data not shown).
Light Regulation of SHM1 mRNA Accumulation
In contrast to the high levels of SHM1 mRNA detected in the aerial tissues of illuminated plants (Fig.  5A ), SHM1 mRNA was greatly reduced following dark adaptation of plants for 24 h (Fig. 5A) . Similarly, SHM1 mRNA was abundant in whole 6-d-old seedlings or 21-d-old plants, but was greatly reduced following dark adaptation for 24 h (Fig. 5B) . The accumulation of SHM1 mRNA in illuminated seedlings was dependent upon irradiance, increasing 24-fold over the etiolated level at 2 E m Ϫ2 s Ϫ1 and a A, Organ-specific SHM1 and SHM4 mRNA accumulation. RNA extracted from isolated organs of mature Arabidopsis plants grown under constant illumination (80 E m Ϫ2 s Ϫ1 white light) was glyoxalated, resolved by agarose gel electrophoresis, blotted onto nylon membranes, and probed sequentially (see Fig. 1 legend) with Arabidopsis SHM1, SHM4, or rDNA, as indicated. B, Developmental regulation of SHM1 and SHM4 mRNA accumulation. Total RNA was isolated from Arabidopsis seedlings grown under constant illumination for 1, 2, 4, 7, or 16 d after release from stratification. Each panel was probed sequentially (see Fig. 1 legend) with Arabidopsis SHM1, SHM4, or rDNA, as indicated. 
Intron follows the codon encoding the indicated amino acid residue. b Intron inserted between the first and second nucleotides of the codon encoding the indicated amino acid residue.
c Intron inserted between the second and third nucleotides of the codon encoding the indicated amino acid residue.
d Based on Arabidopsis SHM1, to which all the others were aligned. The amino acid residue listed is that of Arabidopsis SHMT1.
e Intron length in nt. f Intron not present.
further 10-fold (244-fold relative to the etiolated value) as the fluence rate was increased to 80 E m Ϫ2 s Ϫ1 , and was not apparently saturated at the highest rate tested (Fig. 6A) 6B ). Simultaneous illumination with red and blue light was more effective than illumination with red alone. When we first illuminated with red and then with blue, or first illuminated with blue and then with red, the ultimate mRNA abundance was consistent with that of the response to the single treatment with the light presented last. Pretreatment with blue light did not potentiate the effectiveness of red light in the induction of SHM1 mRNA.
To determine whether the accumulation of SHM1 mRNA in illuminated seedlings represents a direct response to light, we transferred 8-d-old etiolated seedlings into continuous white light (125 E m Ϫ2 s Ϫ1 ) and measured SHM1 mRNA abundance over the next 32 h. As can be seen in Figure 7 , SHM1 mRNA accumulated gradually to a peak about 24 h following the onset of illumination. Light-regulated genes such as LHCB and CAT2 exhibit an acute response to light within about 4 h of the onset of illumination (Zhong et al., 1994 (Zhong et al., , 1998 Millar and Kay, 1996) . In contrast, SHM1 did not exhibit an acute induction, suggesting that the accumulation of SHM1 mRNA in the light is an indirect response to illumination, and may represent a consequence of the stimulation of photosynthesis and photorespiration in the light.
In contrast to the light responsiveness of SHM1 mRNA, SHM4 mRNA abundance was unaffected by light. It was detected at low abundance in roots of both illuminated and dark-adapted plants (Fig. 5B) . Fig. 1 legend) with SHM1 or rDNA as indicated. The induction relative to the SHM1 mRNA abundance in etiolated seedlings, arbitrarily defined as 1, was 24-, 32-, 85-, 109-, and 244-fold, respectively. B, Spectral quality response of SHM1 mRNA accumulation. RNA was isolated from seedlings grown in constant darkness (Dk) and subsequently transferred to 80 E m Ϫ2 s Ϫ1 white light. Dk--ϾW, to 18 E m Ϫ2 s Ϫ1 blue light; Dk--ϾB, to 34 E m Ϫ2 s Ϫ1 red light; Dk--ϾR, to 34 E m Ϫ2 s Ϫ1 far-red light; Dk--ϾFR; Dk--ϾRϩB, 34 E m Ϫ2 s Ϫ1 red plus 18 E m Ϫ2 s Ϫ1 blue light for 24 h. Additional etiolated seedlings were transferred to red light for 24 h followed by blue light for 24 h (Dk--ϾR--ϾB) or to blue light for 24 h followed by red light for 24 h (Dk--ϾB--ϾR). The panel was probed sequentially (see Fig. 1 legend) with SHM1 or rDNA. 
Circadian Regulation of SHM1 and SHM4 mRNA Abundance
When etiolated seedlings were transferred into continuous light, SHM1 mRNA accumulated to a peak about 24 h after the onset of illumination and then declined slightly, which is reminiscent of the pattern observed with transcripts such as LHCB and CAT2, which are regulated by the circadian clock (Tavladoraki et al., 1989; Zhong et al., 1994 Zhong et al., , 1998 Millar and Kay, 1996) . To directly assess whether a circadian clock controls SHM1 and SHM4 mRNA abundance, we measured mRNA abundance in whole seedlings germinated and grown for 7 d in 12-h light:12-h dark cycles and then released into continuous light. Oscillations with periods in the circadian range were observed for both SHM1 and SHM4 mRNA abundance measured in preparations from seedlings harvested over four circadian cycles in continuous light (Fig. 8) .
mRNA abundance for both SHM1 and SHM4 was maximal in the morning, which is consistent with the phase observed for mRNA abundance of other photosynthetic and photorespiratory genes (McClung and Kay, 1994; Kreps and Kay, 1997) . Statistical analysis of the time series data by fast Fourier transformnonlinear least squares (FFT-NLLS) (see "Materials and Methods"; see also Plautz et al., 1997; Zhong et al., 1997 ) detected significant circadian oscillations in both SHM1 and SHM4 mRNA abundance. The period lengths (mean Ϯ sd) of the oscillations were 26.0 Ϯ 2.1 h for SHM1 and 23.8 Ϯ 1.2 h for SHM4. This experiment was repeated with similar results. For comparison, the blots were stripped and rehybridized to a CATALASE 3 (CAT3)-specific probe. As previously established (Zhong and McClung, 1996) , CAT3 oscillates with a dusk-specific phase approximately 12 h out-of-phase with the peaks in SHM mRNA abundance. In this experiment, the CAT3 period is 24.9 Ϯ 2.7 h. Because SHM and CAT3 exhibit out-of-phase oscillations in abundance in the same RNA samples assayed on the same blots, it is clear that the oscillations in SHM mRNA abundance cannot result from unequal loading or from other experimental artifacts.
In mature plants, SHM4 mRNA is found in roots but not in rosette leaves (Figs. 4A and 5A ), suggesting that this might represent a circadian rhythm in a Figure 8 . Circadian regulation of SHM1 and SHM4 mRNA abundance. Circadian oscillations are detected in both SHM1 and SHM4 mRNA abundance in seedlings entrained on 12-h light:12-h dark cycles and released into continuous light (130 E m Ϫ2 s Ϫ1 white light). Slot blots loaded with total RNA (1 g) were hybridized with SHM gene-specific probes. Following autoradiography, the membrane was stripped and rehybridized to a CAT3-specific probe. The blots were again stripped and rehybridized to a ribosomal DNA probe. SHM and CAT3 mRNA levels are expressed relative to rRNA, with the lowest value expressed as 1.0 (arbitrary units). The error bars indicate SE of the mean, based on three independent RNA preparations for each time point. rRNA showed minimal fluctuations with no circadian periodicity. The experiment was repeated with similar results. The bars at the base of the graphs indicate the light-dark regimen. The filled bar indicates the last night of the entraining light-dark cycle before seedlings were released into continuous light. White bars indicate subjective day and hatched bars indicate subjective night during the continuous light treatment. root-expressed gene. However, the data shown in Figure 8 represent RNA populations from entire seedlings. Accordingly, we harvested 10-d-old seedlings similar to those analyzed in the circadian protocol of Figure 8 at the circadian phase of maximal SHM mRNA abundance, separated the seedlings into roots and shoots, and extracted RNA. Northern analysis showed that SHM4 mRNA accumulation in these young seedlings is restricted to the roots (data not shown). Therefore, the circadian oscillation detected in SHM4 mRNA abundance reflects a circadian rhythm in root-specific SHM4 mRNA accumulation.
DISCUSSION
It has become increasingly apparent that circadian clocks are used to coordinate the temporal expression of many plant processes (McClung and Kay, 1994; Kreps and Kay, 1997; Lumsden and Millar, 1998) . Photorespiration is a complex metabolic pathway in which the plant must coordinate the expression of nuclear genes whose products are targeted to three distinct subcellular compartments: the chloroplast, the peroxisome, and the mitochondrion. In Arabidopsis, a circadian clock gates expression of at least two chloroplastic components of the photorespiratory pathway. Rubisco is the bifunctional enzyme that initiates both the photosynthetic carbon assimilation pathway and the competing photorespiratory pathway. The RBCS genes, which encode the small subunit of Rubisco, exhibit robust circadian oscillations in mRNA abundance (Pilgrim and McClung, 1993) . Transcription of the RCA gene, which encodes Rubisco activase, a key regulator of Rubisco, is regulated by a circadian clock (Pilgrim and McClung, 1993; Liu et al., 1996) . A circadian clock also regulates the mRNA abundance of the photorespiratory catalase gene CAT2 (Zhong et al., 1994) , a peroxisomal component of the photorespiratory pathway. Moreover, a circadian clock gates the response of CAT2 to environmental stimuli such as light (Zhong et al., 1998) . To determine whether a circadian clock coordinates the temporal expression of mitochondrial components of the photorespiratory pathway with these chloroplastic and peroxisomal components, we set out to characterize the SHM genes encoding Ser hydroxymethyltransferase, an essential mitochondrial matrix component of the photorespiratory pathway.
Several lines of evidence suggest that SHM1 encodes a photorespiratory SHMT. First, the predicted SHMT1 protein includes an N-terminal extension with the characteristics of a mitochondrial targeting signal. Second, SHM1 mRNA is abundant in leaves. Third, SHM1 mRNA accumulation is positively regulated by light. Similar light inducibility has been established for the genes that encode the P, H, and T subunits of the GDC complex (Kim and Oliver, 1990; Macherel et al., 1990; Kim et al., 1991; Turner et al., 1992b Turner et al., , 1993 Srinivasan and Oliver, 1995) and pea SHMT (Turner et al., 1993) .
To test for circadian regulation we examined the pattern of accumulation of SHM1 mRNA in seedlings entrained to a light-dark cycle and then released into continuous light. Circadian oscillations in SHM1 mRNA abundance persisted over four cycles in continuous conditions, establishing circadian clock control over the temporal pattern of SHM1 mRNA abundance. Thus, a circadian clock(s) controls the expression of nuclear genes that encode photorespiratory pathway components that are targeted into each of the three distinct subcellular compartments housing photorespiratory reactions. The peak in mRNA abundance for SHM1, which encodes a putative photorespiratory SHMT, is gated to the early subjective morning, which is the same phase as observed for other mRNAs encoding photorespiratory or photosynthetic products (e.g. LHCB, RBCS, RCA, and CAT2; McClung and Kay, 1994) . Evidently, circadian clock regulation is employed by the plant to coordinate metabolic capacity in the three compartments involved in the complex photorespiratory pathway. However, we emphasize that we have only established an oscillation in SHM mRNA abundance and have not shown that there are corresponding oscillations in SHMT protein abundance and SHMT activity.
The interplay between the circadian clock and light in the regulation of SHM1 is complex. SHM1 fails to exhibit an acute (4-h) induction in response to illumination with continuous white light, which suggests that SHM1 is not directly responding to light. In contrast, both phytochromes A and B contribute to the acute induction of Arabidopsis LHCB (CAB2) mRNA by light (Karlin-Neumann et al., 1988; Anderson et al., 1997) . The transfer of etiolated seedlings into continuous white light induces circadian oscillations in LHCB (Tavladoraki et al., 1989; Millar and Kay, 1996) and CATALASE (Zhong et al., 1994 (Zhong et al., , 1998 mRNAs. It is likely that the accumulation of SHM1 mRNA observed after 24 h of illumination with white, red, or blue light represents sampling during the peak of the circadian oscillation in SHM1 mRNA, because the phase of the oscillation of SHM1 mRNA is similar to the phases of the oscillations in LHCB and CATALASE 2 mRNAs, both of which peak about 24 h after the onset of illumination.
We attribute the failure of continuous illumination with far-red light to result in accumulation of SHM1 mRNA 24 h after the onset of illumination to a failure of far-red light to induce circadian oscillations of this transcript. The induction of circadian oscillations of bean LHCB mRNA by a pulse of red light is greatly attenuated by a subsequent pulse of far-red light (Tavladoraki et al., 1989) , and a pulse of far-red light prevents the accumulation of wheat LHCB mRNA in the next circadian cycle (Nagy et al., 1988) . It is possible that SHM1 mRNA abundance is responding directly to temporal signals from the circadian clock. However, it is also possible that SHM1 mRNA abundance is responding indirectly to the circadian clock via the induction of circadian oscillations in photosynthetic and photorespiratory carbon metabolism. For example, both stomatal aperture (Somers et al., 1998) and CO 2 assimilation (E.V. Kearns, A.G. FettNeto, and C.R. McClung, unpublished observations) oscillate in a circadian fashion in Arabidopsis and other plants (Lumsden and Millar, 1998) .
What is the relationship of the SHM genes to the stm mutation, which yields a defect in mitochondrial SHMT activity (Somerville and Ogren, 1981) ? It seems unlikely that stm represents a loss-of-function mutation in an SHM gene, as the presence of two genes encoding mitochondrial SHMTs suggests that loss of function of either alone would be insufficient to eliminate mitochondrial SHMT activity. Of course, organ-specific expression of SHM1 or SHM2 could indicate that only one of these genes plays a photorespiratory role. The mRNA abundance and size for an Arabidopsis SHM cDNA that corresponds to SHM1 (R. Hell, personal communication) was unaltered in the stm mutant (Beckmann et al., 1997) . This raises the intriguing possibility that the stm mutation affects a locus required for SHMT activity but distinct from the SHM loci encoding the SHMT proteins.
Prokaryotes generally have a single gene encoding SHMT, whereas eukaryotes commonly have two SHM genes, one encoding cytosolic SHMT and the second encoding mitochondrial SHMT. However, we found at least five SHM genes in Arabidopsis. SHM1 is most similar to SHM2 on the basis of both amino acid sequence and intron-exon structure. Both SHM1 and SHM2 protein products are predicted to be targeted into the mitochondrial matrix. The remaining three SHM genes are predicted to encode cytosolic SHMTs. On the basis of both amino acid sequence and intron-exon structure, SHM4 and SHM5 are more related to each other than to SHM3. SHM4 mRNA accumulates in roots and not in leaves. In addition, SHM4 mRNA is not light responsive. SHM4 is unlikely to play a role in photorespiration, more likely being involved in C 1 metabolism in the roots. Nonetheless, a circadian clock also regulates the accumulation of SHM4 mRNA in the roots of seedlings. At this time we cannot explain the biological significance of this clock regulation of SHM4. The first step necessary to elaborate such a hypothesis will entail the establishment of a metabolic role for SHM4, potentially through the analysis of loss-of-function mutations of SHM4. It will also be interesting to explore the regulatory mechanisms by which the clock exerts control of SHM4 mRNA abundance in the roots, as most studies of clock-regulated gene expression have addressed expression only in aboveground tissues (McClung and Kay, 1994; Kreps and Kay, 1997; Lumsden and Millar, 1998) .
MATERIALS AND METHODS
DNA Extraction and Analysis
For genomic DNA or RNA extraction, Arabidopsis ecotype Columbia plants were grown as described by Pilgrim and McClung (1993) . We initially used a cDNA clone of a pea mitochondrial SHMT gene (Turner et al., 1992a) as a hybridization probe to identify Arabidopsis cDNAs from a gt10 library using standard techniques (Ausubel et al., 1999) . Preliminary sequence analysis indicated that these cDNA clones corresponded to a single gene, designated SHM1, although neither clone was full-length. Subsequently, ESTs (124O13T7, GenBank accession no. T44375; and 160C23T7, GenBank accession no. T88275) corresponding to full-length cDNAs of SHM1 and a second, related gene designated SHM4, respectively, became available from the Arabidopsis Biological Resource Center (Ohio State University, Columbus) and were used in further experiments.
The complete sequences of EST clones 124O13 (SHM1) and 160C23 (SHM4) were determined by cycle sequencing reactions with the DyeDeoxy Terminator sequencing reaction mixture (Applied Biosystems, Foster City, CA). All samples were amplified in a programmable thermal controller (MJ Research, Watertown, MA) by the following cycle-sequencing program: 96°C for 1 min, followed by 24 cycles of 96°C for 30 s, 50°C for 15 s, and 60°C for 4 min. Samples were held at 4°C when cycles were completed. Products were purified using Sephadex columns (QuikSpin G-50, Boehringer Mannheim, Indianapolis) or Centrispin 20 columns (Princeton Separations, Adelphia, NJ) according to the manufacturers' instructions. DNA eluates were dried in a vacuum centrifuge and sequenced using sequenators (373A, Applied Biosystems). The GCG package (Genetics Computer Group) was used for computer analysis of nucleic acid and deduced amino acid sequences. PAUP* was used for phylogenetic analysis (Phylogenetic Analysis Using Parsimony, version 4.02b, Sinauer Associates, Sunderland, MA).
Genomic DNA prepared from frozen tissue by the method of Dellaporta et al. (1983) was digested in the presence of 10 mm spermidine (Dellaporta et al., 1983) . Southern analysis was by standard methods (Ausubel et al., 1999) . Inserts of EST plasmid clones derived from the vector PRL2 (Newman et al., 1994) were amplified by PCR with T7 and M13 primers. Approximate quantities were determined by agarose gel electrophoresis, and PCRamplified products to be used as hybridization probes specific for each gene were isolated by agarose gel electrophoresis and radiolabeled with [␣- 32 P]dCTP by the random primer method using the Klenow fragment of DNA polymerase I (Feinberg and Vogelstein, 1984) . For comparisons of the genomic hybridization patterns of the SHM genes, each membrane was hybridized sequentially with probes specific for each gene. After each hybridization, the membranes were stripped (Pilgrim and McClung, 1993) . The membranes were exposed to x-ray film or to phosphor imager screens (Molecular Dynamics, Sunnyvale, CA) and then examined with a phosphor imager employing imaging software (Imagequant, Molecular Dynamics).
RNA Preparation and Analysis
Total RNA was prepared from frozen plant tissue via phenolic RNA extraction as described previously (Zhong et al., 1994) . Samples were quantified by spectrophotometry. For northern analysis, samples (8 g of total RNA per lane) were resolved on formaldehyde-agarose gels (Zhong et al., 1994) . Alternatively, glyoxalated RNA samples (10 g per lane) were analyzed as described previously (Learned, 1996) . Slot-blot analyses were as described previously (Zhong et al., 1994) . rDNA (Richards and Ausubel, 1988) was used as a control probe for normalization of RNA loading. The Arabidopsis LHCB1*3 (CAB1) probe was as described previously (Pilgrim and McClung, 1993) . Membranes were exposed to a phosphor imager screen (Molecular Dynamics) for 24 h to 2 weeks. Relative mRNA abundance of slot blots was quantified using the phosphor imager with imagine software.
For evaluation of circadian rhythmicity, time series data were quantitatively evaluated by an iterative, coupled FFT-NLLS multicomponent cosine estimation algorithm as previously described (Plautz et al., 1997; Zhong et al., 1997) . FFT-NLLS provides estimates of periods, phases, and amplitudes of rhythmic components, along with associated estimates of joint parameter confidence limits and of the statistical significance of rhythmic amplitudes.
